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Analog frequency modulation detector for dynamic force microscopy
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A new analog frequency modulatidiFM) detector(demodulator for dynamic force microscopy

(DFM) is presented. The detector is designed for DFM by utilizing the FM detection method where
the resonance frequency shift of the force sensor is kept constant to regulate the distance between
a tip and a sample surface. The FM detector employs a phase-lockedRbbp circuit using a
voltage-controlled crystal oscillatofyCXO) so that the thermal drift of the output signal is
negligibly reduced. The PLL is used together with a frequency conversieterodyng circuit
allowing the FM detector to be used for a wide variety of force sensors with the resonance frequency
ranging from 10 kHz to 10 MHz. The minimum detectable frequency shift was as small as 0.1 Hz
at the detection bandwidth of 1 kHz. The detector can track a resonance frequency shift as large as
1 kHz. We also present some experimental results including the observations of th®-3K 7
reconstructed surface and fullerene molecules deposited on the surface by DFM using this FM
detector. ©2001 American Institute of Physic§DOI: 10.1063/1.1416104

I. INTRODUCTION the FM detector and is kept constant to regulate the gap
distance.

The FM detection method has been rapidly common for

Since a vibrating force sensor in dynamic force micros-DFM in an ultra-high-vacuunfUHV) condition. In this case,
copy (DFM) (Refs. 1-3 is scanned over the surface without a slight negative frequency shift of the vibrating cantilever is
a static contact, the technique is a powerful tool especiallygently controlled and used to obtain highly resolved images.
for soft samples for which the tip perturbation has to beFollowing the first success of taking an atomically resolved
reduced in order to avoid damaging surface structures. limage of the Sil11)-7x7 reconstructed surfaea large
DFM, a force sensor such as a cantilever with a tip is vi-number of clear images on semiconductbtsikali halides]
brated at or near the resonance frequency. When the tip &nd molecule®’ have been obtained by DFM utilizing the
brought close enough to the sample, the resonance frequenE detection method.
is shifted due to a tip—sample interaction. The resulting reso-
nance frequency shift can be used to regulate the distance
between the tip and the sample. B. Frequency modulation  (FM) detector

There are two major methods to detect such a shift in the . o .
resonance frequency of the force sensor in DFM. The most The FM detector is one of the C”“C‘i" instruments in the
common method in an ambient condition is the ampIitudeeXp.e”mental seiup for the FM detectpn method. Among

. L various detectors used for the FM detection method, the most

detection method,where the force sensor is vibrated at a

f th f d the ch common detectors are a quadrature detector and a phase-
requency near the resohance trequency and the c ange#'g'cked loop (PLL) detectort®~*? Considering the practical

Fhe vibration amplitude due to th_e resonance_frequency Shiépplications in DEM, the working frequency range is a very
is kept constant to regulate the tip—sample distance. Thougilpnportant factor to design the FM detector.
an experimental setup for the amplitude detection method is * | the case of the quadrature detector, the working fre-
very simple, the method suffers from a long relaxation timequency range is very narrow so that the circuit parameters
when a force sensor with a high factor is used. In particu-  muyst be adjusted for a different force sensor with a varying
Iar, the Iong relaxation time often becomes a serious prOb'erfesonance frequency is Changed unless a frequency conver-
in an environment such as a vacuum environment, where th§ion (heterodyngcircuit is utilized. On the other hand, in the
Q factor typically reaches 10 000. The frequency modulatiorcase of the PLL detector, the working frequency range is
(FM) detection methatlis a solution to this problem. In the determined by a tuning range of a voltage-controlled oscilla-
FM detection method, the force sensor is kept oscillated at itsor (VCO) in the PLL. Thus it is very easy to implement the
resonance frequency by positive feedback loop electronic?LL detector that can be used for a wide variety of force
The shift of the resonance frequency is monitored by usingensors with any resonance frequency without changing cir-
cuit parameters by utilizing VCO with a wide tuning range.
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Input HPF Mixer BPF Comparator
FIG. 1. Schematic of an analog fre-
quency modulation detector. The de-

Exclusive OR LPF Output tector consists of a frequency conver-

sion circuit and a phase-locked loop

Local Oscillator ’DH _\ O (PLL) using a voltage-controlled crys-
tal oscillator(VCXO). The PLL block

is indicated by a dashed rectangle. The
HPF |_||:| frequency of an input signalfg) is

converted to the intermediate fre-

Mixer /_ 1 _\_ quency (IF), which is 4.5 MHz-450
; 3 Hz, by frequency mixing with the out-
VCXO LF put signal of the local oscillator. The

Excitation output signal of the VCXO can be

used to make an excitation signal by
\ J:I— ¢ another frequency mixing.
LPF Comparator Phase  Variable Gain Buffer
Shifter Amplifier

cause the output signal of the VCO can be used to excite thatermediate frequencifF), which is within the working fre-
force sensof? quency range of the PLL. When a small shift in the input
Since the dominant noise source in each detector is thgequency is caused, the IF also shifts by the same amount
phase noise of the phase detector, the sensitivity is the sanaad then the shift is measured as the control voltage of the
for each detector in principle. Although many integrated cir-VCXO in the PLL, which is fed to the feedback electronics
cuits (ICs) designed to implement the PLL detector are com-to regulate the gap distance. Moreover, the output frequency
mercially available, their specifications do not satisfy DFM of the VCXO can be used for an excitation of the cantilever
applications since integrated VCOs in these ICs often have wibration after another frequency conversion to the input fre-
large thermal drift in the output frequency. Such a large thergquency.
mal drift is due to the fact that the output frequency of the  In DFM, the tip—sample distance is regulated by main-
VCO is determined by passive electrical components. taining a small frequency shift constant. The shift can be
We consider that the PLL detector utilizing a highly negative or positive depending on the tip positiattractive
stable VCO is one of the ideal FM detector. We also consideregime or repulsive regime, respectivelgince the amount
that the VCO can be thermally stabilized using a frequencyof the frequency shift ranges from several hertz to several
stabilizing element such as a crystal resonator or a ceramigundred hertz for typical DFM operating conditions, we de-
resonator with a higlQ factor. It should be noted that an- cided to use an operating frequency range of the PLL of
other solution is to use digital circuits to implement the about 1 kHz. The typical tuning range for the VCXO is sev-
VCO,"* which is also stabilized using a crystal oscillator eral hundred ppm of the center frequency, and thus we de-
generating a clock signal. cided to use the VCXO with the center frequency of several
In this article we introduce a new FM detector using amegahertz. An effective bandpass filter is required in the
voltage-controlled crystal oscillatg/CXO) as the VCO in  frequency conversion circuit to eliminate the undesirable fre-
the PLL in order to decrease the thermal drift. In this detecquency spectrum other than the signal component around the
tor, the PLL is used together with a frequency conversiong, A frequency of 4.5 MHz was chosen as the IF since a

circuit allowing the FM detector to be used for a wide variety ceramic bandpass filter with the center frequency of 4.5 MHz
of force sensors. An implementation of the FM detector andyas commercially availabi.

some experimental results obtained using the detector are o
described. A. Phase-locked loop (PLL) circuit
A high-speed exclusive OR logic gate [Texas Instru-
ments: SN74F86'" which is followed by an active low-pass
(Sallen-and-Key 2-polefilter with a unity gain, is used as
Figure 1 shows a block diagram of a newly developedthe PD. The active low-pass filtéLPF) is implemented by
FM detector. The frequency of the input signal, which comesusing an operational amplifi¢Burr-Brown: OPA227.1" The
from a displacement sensor is the resonance frequency of thoeitoff frequency of the LPF is set at about 100 kHz.
force sensorf(y) in a self-oscillation loop. The PLL block is An active filter implemented by using OPA227 is used
indicated by a dashed rectangle in Fig. 1. The PLL blockfor the LF. When the maximum modulation frequency of the
consists of three components, which are a phase detect®iCXO is sufficiently high, the detection bandwidth of the
(PD), a loop filter(LF), and the VCXO, which is used as a PLL can be raised by increasing the loop gain. However, it
thermally stable VCO. should be noted that the phase noise from the PD appears as
Since the working frequency range of the PLL is limited the amplitude noise in the output signal of the PLL thus a
by a very narrow tuning range of VCXO, the frequency of large loop gain consequently increases the amplitude noise in
the input signal to the PLLf() should be converted to an the demodulated signal. Since a lateral resolution of

II. CIRCUIT DESIGN
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the DFM can be improved by eliminating long-range forcesSFE4.5MB.*¢ If a frequency component other than the IF
such as an electrostatic for(ESH, the DFM image is ob- (f;) is not suppressed with this bandpass filter, the PD pro-
tained while the ESF is canceled out by compensating a corduces the beat signal by mixing it with the output signal of
tact potential differencéCPD) between a tip and a sample the VCXO. The frequency of the beat signal i§;2or 2f
surface. For the compensation of the CPD, an ac modulation-2f, in the case using+ fo asf; and 2 or |2f,—2f,| in
voltage is applied and then an induced resonance frequentlie case usingf,—fo| asf,, respectively. This may cause a
modulation due to ESF is detected by a lock-in techniqueproblem because the frequency of the beat signal is compa-
For this modulation technique called Kelvin probe force mi-rable with the detection bandwidth of the PLL whég is
croscopy(KFM),'#*%the demodulation bandwidth of the FM lower than 10 kHz or located withify, (4.5 MH2)+10 kHz.

detector should be sufficiently high. Otherwise, it does not cause any problem even without the
For the VCO in the PLL, a commercial VCX@ham- efficient bandpass filter.
pion Technologies: K152%° with the center frequency of Then, the output signal of the bandpass filter is fed into

4.5 MHz, is used. The nominal frequency deviation is asa comparatofAnalog Devices: AD790%? which converts a
large as*=100 ppm(*=450 H2 with a control voltage rang- sinusoidal wave to a square way@5-4.5 \J to meet the
ing from 0.5 to 4.5 V(a voltage span of 4.0 VThis means requirement of the PLL, where the high-speed exclusive OR
that the frequency sensitivity of the PLL using this VCXO is logic gate IC is used as the PD.

about 4.4 mV/Hz. The nominal modulation bandwidth of the

VCXO is more than 20 kHz, which is high enough to imple-

ment the PLL with a realistic demodulation bandwidth for o

KFM. Since the output signal of the VCXO is a square waveC: Excitation output

(0.5-4.5 V, the signal is directly fed to an input of the PD. | the experimental setup for DFM utilizing the FM de-

Finally, another implementation of the PLL block can be tection method, positive feedback electronics is required in
realized with a commercial PLL IQViotorola: MC44144%"  oder to keep the cantilever vibrating at the resonance fre-
which was originally designed for application in a video SYs-quency, The most common method to implement positive
tem. The IC is composed of the PD, a user-configurable lagfeedback electronics is to utilize the displacement signal di-
lead passive filter as the LF, and the VCXO. The center frerectly as an excitation signal through a phase shifter and a
quency of the PLL can be configured to 4.5 MHz by using anyariable gain amplifier. Another method is to use the VCO
external crystal resonator of 18 MHz, which is four times aSputput signal, which is phase locked to the input frequéfcy.
large as the center frequency. In the latter method, the free-running frequency of the VCO
can be very close to the cantilever resonance frequency if the
tuning range of the VCO is sufficiently narrow. In other
words, the cantilever vibration can be still excited near its

The frequency of an input signal{) is converted to the resonance frequency even when the cantilever vibration mo-
IF (fg) by mixing with the frequency of the signal from an tion is accidentally suppressed. Furthermore, this is also a
local oscillator ¢). The input signal coming from a dis- great advantage for operation in an environment wher&the
placement sensor is fed to an ing) of an analog multi-  factor of the cantilever is very low. The cantilever with a low
plier (Analog Devices: AD73%4%* whose function is ex- Q factor in the self-oscillation loop often starts to vibrate at
pressed a¥V=XY/U whereX, Y, andU denote three input an undesired frequency, which is not the same as the reso-
voltages andW is the output voltage. Since the frequency nance frequency. However, by using the VCO output as a
stability of the local oscillator needs to be better than that okource of the excitation signal, the excitation signal is always
the VCXO, it should be stable so that a frequency synthelocated neaf, (+450 Hz for our detectdy even during the
sizer(Digital Signal Technology: PCK-5( based on direct time when no input signal is fed to the FM detector. In ad-
digital synthesisDDS), is used. The signal from the local dition, by using an automatic gain cont@GC) circuit, the
oscillator whose amplitude is 1.0 V peak to peak is fed tostability of the positive feedback electronics could even be
another inputY) of the multiplier. improved.

The frequency of an output signal from the local oscil- For another frequency conversion of the ) back to
lator (f;) should be chosen in a way that the IFyX is  f,, the output signal of the VCXO is fed into a multiplier
located in the working frequency range of the PLL, which is(AD734) through a high-pass filteiHPF). The signal from
4.5 MHz+450 Hz. Depending on both the specifications ofthe local oscillator is also fed into the multiplier.
the feedback electronics and the polarity of the frequency In order to control the phase of the excitation signal, we
shift (positive or negativeto regulate the gap distanc, used a phase shifter modull¥F: CD-951V4,%* which can
can be chosen &g+ fq or |fi—fol, thusf| should be in the shift the phase of the excitation signal by a suitable amount
range (4.5 MHz- f,) =450 Hz or|4.5 MHz— f | = 450 Hz. within +180°. Since the maximum input frequency of the

The output signal of the multiplier includes two different phase shifter is 2 MHz, the upper limit of the frequency of
frequency components. One is at the i§)(and the other the excitation signal is limited by the phase shifter.
frequency component exists g+ 2f, or |f—2f,| for the In between the multiplier and the phase shifter, there is
case usingfy+fq or [fi—fo| asf,, respectively. Only the an active LPF and a comparator. The LPF is used to suppress
frequency component at the IF is selected by using an effithe higher-frequency component other than the excitation
cient ceramic bandpass filtefMurata Manufacturing: frequency component and the comparator is used to convert

B. Frequency conversion circuit
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FIG. 2. (a) Plot of the output frequency of the VCXO as a function of the control voltage. Solid curve shows the output frequency of théRAGXE).

The curve shows the linear characteristics for a frequency span of about 900 Hz. Dashed curve is a measured characteristic of the VCXO in the PLL IC
(MC44144 with the external crystal resonat@8 MHz). (b) Plot of the normalized amplitude of the demodulated signal as a function of the modulation
frequency of the input signal. The modulation frequency ranged from 1 to 10 kHz and the frequency deviation was set to 1.0 Hz pe&) tOpak@scope
photograph of the output signal of the detector when a frequency-modulated sine wave with a maximum frequency deviation of 0.1 Hz peak to peak was used
as the input signal to the FM detector. The modulation frequency was fixed to 1.0 kHz.

the wave form of the excitation signal for the following 2(b) shows a measured curve of the amplitude of the sinu-
phase shifter. soidal output signal detected by the PLL block as a function
Then, amplitude of the excitation signal is controlled by of the modulation frequency of the input signal. The ampli-
a voltage-controlled-gain amplifier implemented by using atude was plotted in the vertical axis normalized for the low-
multiplier (AD734). The output signal of the phase shifter is frequency response, which means that 0 dB corresponds to
fed into an input(X) of the multiplier while a dc control about 4.4 mV/Hz. As we can see in Figh?, the bandwidth
voltage is fed to another inpy¥). Since the output function (—3 dB) is about 10 kHz.
is W=XY/U, the excitation amplitude can be controlled by a Figure Zc) is an output signal trace of the FM detector
dc control voltage(Y) while the divider inputU is fixed observed with an oscilloscopéTektronix: 2245A.2% The
(excitation amplitude constant mogdé&urthermore, if an ap- maximum deviation was reduced to 0.1 Hz peak to peak in
propriate dc control voltage generated by another feedbacthis case and the modulation frequency was fixed to 1 kHz.
electronics is supplied to the divider inputto regulate the We can see that the circuit stably follows a frequency devia-
vibration amplitude, one can measure the dissipation of th&on of 0.1 Hz peak to peak at the detection bandwidth of 1
cantilever vibration energy occurring from the complex tip— kHz. This fact means that we can detect a force derivative of
sample interaction forcegconstant vibration amplitude 0.02 mN/m at the bandwidth of 1 kHz when we use a canti-
mode. Finally, a high-speed unity-gain bufféBurr-Brown:  lever with a spring constarik) of 30 N/m and a resonance
OPAG633 (Ref. 17 is used to supply an excitation signal.  frequency of 300 kHz and when we assume that the fre-
quency shift corresponds to the change in the force gradient
expressed as followsk fy/fo=(9F/dz)/2k.
I1l. EXPERIMENTAL RESULTS
A. FM detector performance B. DFM application

For studying the performance of the FM detector, the  The FM detector was used with a commercial DFM in-
fundamental characteristics of the PLL were measured anstrument(JEOL: JAFM-4500X7.2° The displacement of a
DFM imaging in a vacuum environment was carried out.vibrating cantilever was detected with a typical beam deflec-
Figure 2a) shows a measured input—output characteristic otion method. The cantilever used was a commercial Si can-
the VCXO in the PLL. The solid curve shows the outputtilever (Nanosensors: NCH’ The typical spring constant
frequency of the VCXQK1525) plotted as a function of the and the resonance frequency were 30 N/m and 300 kHz,
control voltage ranging from 0.5 to 4.5 V. The curve shows arespectively. The measured factor of the cantilever was
good linearity for a frequency span of about 900 Hz. Theabout 30 000. The estimated vibration amplitude was about
characteristic of the VCXO in the PLL IQMC44144 with 10 nm peak to peak.
the external crystal resonat¢t8 MHz) is also shown as a The S{111)-7X7 reconstructed surface was prepared by
dashed curve for comparison. flashing a Si strip at 1200 °C. Figurd& shows a DFM

Then, the demodulation bandwidth of the FM detectorimage of the Sil11)-7X7 reconstructed surface using the
was measured. We used an arbitrary function genef@e- FM detector described here. The frequency shift was kept
tronix: AFG310 (Ref. 25 for supplying the test signal. The constant at-20 Hz during imaging. Furthermore, fullerene
test signal was a frequency-modulated sinusoidal wave witliCq;) molecules were deposited onto thg13i)-7X7 sur-
the carrier frequency of 300 kHz with a maximum deviationface from a crucible heated at 370 °C. A DFM image of the
of 1.0 Hz peak to peak. The carried signal was a sinusoiddullerene molecules, as shown in Fig(b} was obtained
wave, whose frequency ranged from 1 to 10 kHz. The frewhile the frequency shift was kept constant-&60 Hz. The
guency of the local oscillatorf() was set to 4.2 MHz. Figure image was taken on the terrace of a fullerene crystalline is-
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